We r epor t for the first time on wor mlike micelle for mation in aqueous mixtur es of lysophosphatidylcholine (LPC) and phosphatidylcholine (PC). The viscosity of mixtures of these two phospholipids at total concentrations ≥56 mM showed a marked maximum around LPC molar fraction 0.5 -0.7, which was ascribed to wormlike micelle formation. The diffusion coefficient of the lecithin, as measured using pulsed-field-gradient stimulated spin echo NMR, suggests that LPC and PC form spherical micelles and vesicle structures, respectively. In mixtures of LPC and PC, individual spherical micelles of LPC and a vesicle structure of PC were found at low temperature. Wormlike micelle formation was manifested in a steep decrease of the diffusion coefficient at temperatures above 55℃. The results indicate that a minimum concentration of both LPC and PC, as well as a molar ratio of LPC to PC close to 0.5-0.6, are prerequisite for thermally induced formation of lecithin wormlike micelles in aqueous solutions. Following formation on heating, the wormlike micelles remained stable on cooling, and no population of smaller spherical micelles could be detected.
Introduction
An increasing amount of research ef for t is being directed towards wormlike micelles. Wormlike micelles are one structure formed by surfactant self-assembly. This structure is characterized by long flexible chains.
The dynamics of wormlike micelle suspensions can be described using a single (reptational) relaxation process [1] . Consequently, the rheology of these suspensions can be described using a simple Maxwell fluid model [1] [2] .
Characteristic relaxation times and zero shear-rate viscosities reported for dilute or semi-dilute (＜10% w/w) wormlike micelle aqueous suspensions are in the range 0.1-100 s and 0.1-10 3 Pa.s, respectively [1, 3, 4] .
Wormlike micelles can be formed in either non-polar organic solvents, where reverse wormlike micelles are observed, or in water, where they can also be called normal wormlike micelles. Wormlike micelles can be formed using different routes, such as application of ultraviolet/ visible light [3] and changes in temperature [5] or pH [6] . Wormlike micelles have been considered for applications in different fields, including drug delivery systems [7, 8] , personal care products [9] and biosensors [10, 11] . In water, most studies have concentrated on ionic surfactants such as cetyltrimethylammonium bromide (CTAB) and cetyltrimethylammonium 3-hydroxynaphthalene 2-carboxylate (CTAHNC), which form wormlike micelles on addition of salt [5, 6, 12, 13] . In non-polar solvents, on the other hand, formation of reverse lecithin wormlike micelles has been obser ved on addition of water [3, 4, 14, 15] .
Lecithin is the common name applied either to a mixture of phospholipids found in egg yolk and soybean in where v is the volume of the hydrophobic chain, l is the effective length of the hydrophobic chain and a 0 is the effective surface area of the head-group [21] . The CPP of LPC is about 0.34, and LPC tends to form spherical micelles [22] . As noted above, PC has two alkyl chains and therefore a higher CPP (around 0.74). As a result, it tends to form planar or vesicle structures [22] .
Our hypothesis was that mixtures of PC and LPC could display a dif ferent self-assembly than the individual phospholipids. Therefore, we focused on the phase behavior of LPC/PC mixtures in aqueous solution. The effect on the bulk properties was studied with fallingball measurements of the viscosity. The self-assembly behavior was studied using pulsed field gradient nuclear magnetic resonance, hereafter PFG-NMR, which is used to measure the self-diffusion coefficient of molecules and macromolecular aggregates. Application of PFG-NMR to surfactant solutions [23, 24] and other multicomponent systems [25] 
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Methods
Light microscopy
The structure of individual LPC and PC dispersions was observed at room temperature using a light microscope (Olympus model BX 53; Olympus, US).
Viscosity measurements
The viscosity of lecithin mixtures was measured with the falling ball method [29] . A coated steel ball was placed in a 20 cm glass tube filled with sample. Sample tubes were placed in a temperature-controlled water bath. The time (t) required for the coated steel ball to fall through the glass tube was measured, and the viscosity was calculated using deionized water as a reference:
whereη is the viscosity, η 0 is the viscosity of H 2 O and t 0 is the falling time in H 2 O.
Diffusion measurements
Diffusion coefficients were measured using the pulsed field gradient stimulated spin-echo (PFG-STE) pulse sequence on a Bruker Avance II 400WB spectrometer (Bruker Corp., US) equipped with a gradient probe [30, 31] . In the PFG-STE pulse sequence, the inter vals between the first and second (τ 1 ) and the second and third (τ 2 ) r.f. pulses were 1 ms and 10 ms, respectively.
The gradient pulse duration δ and the interval time of the field-gradient-pules Δ were 1 ms and 10 ms, respectively. The gradient field strength g was varied in 8 steps in the range 100-1200 or 100-1500 G/cm. The diffusion coefficient was determined using the following relation between the echo signal intensity and field-gradient parameters:
where I(g) and I(0) are echo signal intensities at t＝ pulse is Δ-δ/3. Therefore, eq. (2) is rewritten as:
The temperature was controlled using a Bruker BVT-3200 temperature unit and varied from 25-75℃. The temperature in the sample tube was measured with an optical fiber thermometer (Takaoka Electric Mfg. Co., Tokyo, Japan).
Results and Discussion
Phase diagram
The viscosity of lecithin mixtures was used to con- remained low for all concentrations tested (Fig. 3a) .
Mixtures of the two phospholipids, however, showed a markedly increased viscosity, especially mixtures where the concentration of both LPC and PC was above 24 mM.
In addition, the turbidity of mixtures decreased markedly around 55℃. to theirs. We find that the LPC is essential for formation of the normal lecithin wormlike micelles in aqueous solutions.
The viscosity of lecithin mixtures is plotted as a function of temperature in Fig. 5 . For mixtures C T ＝48 mM (Fig. 5a-c (Fig. 5d-f) , the viscosity for f LPC ＝0.5
increased slightly and for f LPC ＝0.63 the viscosity increased steeply on heating above 50℃, suggesting the formation of short and long wormlike micelles, respec- tively. Because the initial state of the mixtures is obviously not an equlibrium one, we obser ve first the increase in viscosity due to overcoming of a kinetic barrier. However, once the this kinetic barrier has been passed, increasing temperature is expected to decrease the viscosity, as explained above. Indeed, further heating above about 55℃ led to a decrease of the viscosity, which we can assign to the effect of temperature on the equilibrium length of the wormlike micelles. Indeed, the viscosity of mixtures with C T ＝64 mM also showed a marked increase on subsequent cooling below 60℃. The wormlike micelle is the dominant form at low temperature at equilibrium, which can be reached much more quickly by first heating the mixture to above 50℃.
Reorganization of the micelles probably requires enhanced mobility, which is attained at elevated temperatures. We do not wish to speculate on the exact nature of the kinetic barrier that needs to be overcome, but in comparison with single-surfactant micelles, it is clear that micelles formed by two types of surfactants should have a higher degree of internal order. The exact approach of the chains could therefore require a higher kinetic energy compared with that needed for formation of the native single-surfactant micelles. We note that formation of wormlike micelles on heating has also been reported by Tung et al. [4] and Shrestha et al. [33] , who proposed that surfactant exchange was increased at elevated temperature, and this increased mobility facilitated formation of intermicellar interaction, resulting in formation of the wormlike micelles.
Molecular mobility studied by NMR
The diffusion coefficient D of LPC and PC was measured using PFG-STE NMR. In spectra with g ＞ 100 G/ cm, several peaks were found between 0-6 ppm and assigned to protons on the glycerol backbone and the alkyl chain of fatty acids in LPC (Fig. 6 ), cf. peak assignment by Haque et al. [34] . The total peak area over this range (0-6 ppm, without the water peak) was used in the diffusion analysis. The relative echo intensity (I/I 0 ) in the PFG-STE experiment for C T ＝64 mM and f LPC ＝0.6 as a function of temperature is shown in Fig. 7b . At 25℃ and 35℃, a clear curvature is seen, which indicates the presence of diffusion of more than one component. If we assume the presence of two populations, we can rewrite equation (3) as follows:
where subscripts 1 and 2 refer to the first (faster) and We can further analyze data using the Einstein-Stokes relation:
where k B , T and η are Boltzmann constant, absolute temperature and viscosity of the solvent, respectively. The hydrodynamic radius R H is defined as the radius of the hard sphere which has the diffusion coefficient of D.
Assuming that the LPC micelle is a hard sphere, we obtain R H ＝4.98 nm for the 92.5 mM solution at 25℃.
This value is a bit larger than the length of two alkyl chains. We expect this difference to reflect hydration of the LPC spheres. With increasing temperature, the D value was increased, and the increase of D seems to be steeper than that estimated from the increase of temperature. The diffusion coefficient of the spherical micelles formed by 3.75 mM LPC solutions (calculated assuming a constant R H value) is indicated with a dashed line in Fig. 8a . The D value showed an upward deviation from this line at temperatures above 65℃. As the temperature increases, the charge on phosphate choline head group decreases and some hydrogen bonding between the head groups and water is lost. As a result, the micelle size can decrease, as has been reported for SDS micelles in water [36] .
The D value of 2.6 mM PC at 25℃ was 1.63×10 -11 m 2 s -1 , which corresponds to a displacement of 560 nm during the diffusion time of 10 ms. Fig. 2 showed the formation of very large spherical PC micelles, which we assume to be vesicles with internal planar structure.
Although it is probably only the largest vesicles which are observed, we still expect most PC assemblies to have Fig.   9 should depend on the thermal history of the sample, as they reflect a non-equilibrium state during the first heating step. We note that several studies on formation of wormlike micelles from mixtures of cationic and anionic surfactants [4, 5] employed a methodology of initial extensive heating at temperatures ranging between 50-65℃, and all characterization was done following this initial heating and assumed to be at an equilibrium state.
Our investigation is dif ferent as we obser ved the changes in both surfactant diffusion and viscosity taking place on initial heating and wormlike micelle formation. 
Conclusion
Our research has demonstrated that a mixture of LPC and PC can form wormlike micelles in aqueous solution.
Reverse wormlike micelle formation has been reported in the literature for phospholipids in w/o emulsions [3, 14, 15] , but this is the first report to our knowledge on formation of normal phospholipid wormlike micelles in water without the addition of salts. 
